The relation between the output wavelengths of a laser array and the injection currents of all the channels is experimentally investigated and is found to be approximately linear. Based on this, the authors propose an optimization method of adjusting the wavelength distribution of the laser array by tuning the injection currents. In the proof-of-concept experiment, the linear wavelength residual is significantly reduced.
Introduction
Monolithic integrated multiwavelength distributed feedback (DFB) laser array, which has been widely researched recently, is considered as a promising solution for the wavelength division multiplexing (WDM) laser source in the next generation of high-speed optical communication systems [1] - [3] . Since the international telecommunication union telecommunication standardization sector (ITU-T) standard claims a fixed spectral grid for WDM applications, the wavelengths of a laser array should be properly centered and evenly distributed. However, it is technically difficult for a monolithic integrated multiwavelength laser array to fully meet the ITU-T standard in the first place. The precision requirement for controlling the grating periods of every laser is rather rigorous during the fabrication process [4] . The wavelength of DFB lasers is very sensitive to the chip temperature (0.042 nm/K) [5] . For a DFB laser array, the bias current changing in one channel will evidently affect the adjacent channels. To tune the DFB laser wavelength distribution precisely and satisfy the ITU-T standard, the DFB laser array should be treated as a whole for analysis. That is to say, even if the wavelength distribution is perfectly even when each channel works separately, it will still become uneven while all the channels work together.
Several techniques have been developed for laser array wavelengths tuning. In [6] and [7] , laser array chips with strictly even wavelength spacing are reported, and the wavelengths are fine tuned in an identical step by tuning the laser array heatsink temperature with a single controller. It is convenient for the chip packaging but is technically much hard for chip fabrication. However, separate tuning is still needed because temperature in each channel cannot be controlled individually.
In [8] , two interdigital electrodes are employed in each laser of a six-channel tunable laser array and provide a wide tuning range (typically 8 nm) for each channel. Other methods utilize separate heater for each laser in all the channels [9] - [11] . These methods require more electrodes per channel, which lead to more complicate packaging. Furthermore, extra power is consumed and the laser's output power is lowered [12] .
For a monolithic integrated laser array on a heatsink with a fixed temperature, the wavelength of one channel is mainly determined by its bias current. Intuitionally, tuning the injection currents is the simplest way for wavelength adjusting. Nevertheless, current changing in the other channels would vary the temperature gradient within the laser chip. As a result, the wavelength of one channel is also determined by the currents of the other channels [13] - [15] .
In this paper, first, the relation between the wavelengths of a laser array and their injection currents is experimentally investigated. A set of linear equations representing this relation is given. The wavelength tuning mechanism, which contains both the carrier effect and the thermal effect, is assumed to be a Bblack box.[ Based on this, we propose an optimization method to adjust the wavelength distribution by tuning the injection currents. In the proof-of-concept experiment, an eight-wavelength DFB laser array based on reconstruction-equivalent-chirp (REC) technique [16] is used. After optimization, the linear wavelength residual is significantly reduced. The key advantages of the proposed method are: 1) precise wavelength tuning is simply achieved by laser bias current tuning, which greatly simplifies the fabrication and packaging process; and 2) the thermal effect, which is previously considered to be deleterious, is employed as a the wavelength tuning mechanism. As a result, the power consumption is much lower compared with the above techniques.
The rest of this paper is organized as follows: The tested chip and experimental setup is introduced in part 2, the test results plus result analysis are shown in part 3, and the optimization is given in Section 4. Section 5 gives the conclusion.
Laser Array Chip and Submount
The schematic of the laser array chip and the submount is plotted in Fig. 1 . The laser is 300 m long with 250-m spacing. The submount is 8 mm Â 7 mm Â 0.6 mm, which is made of AlN with golden electrode on top and bottom surfaces. On the submount, the thermistor is about 150 m away from the nearest laser. All the lasers share the same cathode ground. The numbers of the eight lasers are defined, as shown in Fig. 1 . The submount is connected to a printed circuit board (PCB) with golden wire bonding. The submount and the PCB are both stuck on a cover plate, which is welded on a Peltier cooler. A tapered fiber is used to gather the light, and an optical spectrum analyzer (Advantest Q8384) with a 0.02-nm resolution is used to monitor the wavelengths.
The wavelength distribution of the laser array is shown in Fig. 2 . All the lasers are biased at 60 mA; the heatsink temperature is set at 25 C. The maximum and minimum wavelength intervals between two channels are $5 nm and $1 nm, respectively. 
Linear Relation Between the Wavelengths and the Injection Currents

Wavelength of a Single Channel Under Bias Current
Every laser in the array is tested by changing the injection current from threshold to 120 mA with a step of 10 mA. The results are plotted in Fig. 3 . We can see that each laser shows an approximately linear tuning range of 1.7 nm.
Wavelength of a Certain Channel versus Injection Current of Other Channels
As shown in Fig. 4 , the bias current of LD 1 is set at 60 mA. LD 2 to LD 8 is tuned from 0 mA to 120 mA with a step of 10 mA. The wavelength of LD 1 shifts from 1536.52 nm to 1537.24 nm. Fig. 4 shows the wavelength of LD 1 with respect to the injection currents of LD 2 , LD 3 , LD 4 ; . . ., and LD 8 . We can see that the crosstalk induced by the laser closer to LD 1 is more significant. The crosstalk from every channel behaves a good linearity. Similar results are obtained when other lasers are tested. 
Linear Additivity of Crosstalk
Objective laser is biased at 60 mA with all the others off. Then, all the other lasers are turned on biasing at 120 mA. The wavelength drift of the objective laser is recorded. The results are shown in Fig. 5 .
Every two lasers in the array are tested. The wavelength drift of one laser is recorded after biasing the other one from 0 to120 mA. The results are shown in Table 1 . Note that the summation of wavelength drifts of the objective channel due to the other seven channels is nearly equal to the value in Fig. 5. 
Analysis
According to all the results above, the mechanisms for wavelength drift are summarized as follows: 1) the wavelength of a certain channel changes linearly with its own injection current above threshold; 2) the crosstalk induced by one of the other channels is linear with its injection current; 
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( 1) where Á k is the wavelength drift of the k th laser, A mn is the coefficient representing the wavelength drift of the mth laser induced by the current change of the nth laser, and ÁI l is the current change in the lth laser ðk ; m; n; l ¼ 1; 2; 3; . . . 8Þ. Equation (1) can be rewritten in the matrix form
The matrix A is obtained by dividing the data in Table 1 by 120 mA, which is 
With (2), the wavelength of a certain laser at any bias current can be easily determined. For example, the wavelengths when the lasers are biased at 60 mA separately are taken as an original state. Then, the wavelength distribution when the lasers are biased at 60 mA simultaneously is calculated by (2) . As shown in Fig. 6 , the calculation matches well with the experiment results.
Optimization
In this section, (2) is used to optimize the wavelength distribution of the laser array. The linear residual before optimization is displayed in Fig. 7 . The max residual is about 1.18 nm on the top right. To gain the tuning current of each laser, an equation is established as (4) is equal to zero, the corresponding ÁI 8Â1 is the ideal result, which could 
In this case, the bias currents can be displayed in the matrix form: 
The experimental and calculated residuals after optimization are shown in Fig. 7 . The optimized residual is much less than that before optimization. The experimental and calculated results coincide well. After optimization, the max residual decreases from 1.18 nm to 0.66 nm, which indicates that the proposed method is effective. During the optimization, the residual cannot be completely eliminated because injection current of each laser is limited to 120 mA for preventing laser failure. Fortunately, the original residuals of the recently reported laser array [16] is much smaller (about AE0.2 nm). In this case, the residual can be fully eliminated. However, the power also varies with the bias current in the system (10-dB max). Since the power difference will be easily compensated by optical amplifier integrated with the array chip, the power variation is not concerned in this paper. 
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Conclusion
In a monolithic integrated laser array, the wavelength of a certain channel would be changed by the injection currents of the other channels via the thermal crosstalk. Due to this thermal effect, tuning the injection currents for aligning the wavelengths to the ITU-T grid is usually considered to be complicated and unpractical. We have experimentally investigated the relation between the wavelengths of a laser array and the injection currents of all the channels and find it approximately linear. Due to the linear relation, we could establish a set of linear equations, based on which a simple optimization method to adjust the wavelength distribution of laser array by tuning the injection currents is obtained. In the proof-of-concept experiment, the linear wavelength residual is significantly reduced. The proposed method can be easily embedded in a programmable current source. Therefore, additional wavelength tuning construction can be avoided, which greatly simplifies the fabrication and packaging process of laser array chips. Furthermore, the power consumption could be much lower compared with the techniques previously reported.
